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Saccharomyces cerevisiaents of Saccharomyces cerevisiae have been instrumental in identifying an
increasing number of nuclear gene products that promote pre- and post-translational steps of the pathway
responsible for biogenesis of the mitochondrial ATP synthase. In this article we have attempted to marshal
current information about the functions of such accessory factors and the roles they play in expression and
assembly of the mitochondrially encoded subunits of the ATP synthase. We also discuss evidence that the
ATP synthase may be built up from three separate modules corresponding to the F1 ATPase, the stator and F0.
© 2008 Elsevier B.V. All rights reserved.1. Structure of the Saccharomyces cerevisiae ATP synthaseDepending on the organism and tissue origin, mitochondria
display large variations in their metabolic activities. Central to the
function of all mitochondria, however, is conservation of chemical
energy in the form of ATP. This process known as oxidative
phosphorylation is catalyzed by the respiratory chain and the
proton-translocating ATP synthase (F1–F0 complex) that utilizes the
energy of the proton gradient, produced during electron transport, for
ATP synthesis [1]. The ATP synthase consists of the hydrophilic F1
ATPase attached to a hydrophobic unit, referred to as F0, located in the
inner membrane. F1 and F0 are physically connected by means of a
central stalk and a peripheral stalk or stator [2,3]. The structure and
best approximation of the subunit arrangement of the yeast ATP
synthase are summarized below and illustrated in Fig. 1.
F1 is composed of ﬁve different subunits with a α3β3γδɛ
stoichiometry. The bulk of this globular protein is made up of
alternating α and β subunits that contain the three catalytic sites of
the enzyme. The core of the sphericalα3β3 hexamer is occupied by an
elongated α-helical coiled-coil domain of the γ subunit. Another part
of the γ subunit protrudes from the basal part of the F1 spherewhere it
interacts with the small δ and ɛ subunits to form the central stalk seen
in negatively stained electron micrographs of the mitochondrial inner
membrane. The stalk has a broad base thatmakes contactwith subunit
9 of F0 [4–6].@cubpet.bio.columbia.edu
l rights reserved.F0 has no intrinsic ATPase activity. Its primary function is to use the
electrochemical energy of the proton gradient generated during
electron transport into a rotational movement of polymeric subunit 9.
During this process protons are recycled from the intermembrane
space to the matrix. Proton translocation occurs at an interface
between subunit 9 (subunit c) and subunit 6 (subunit a) [2,7]. Subunit
9 is a low-molecular weight proteolipid with a hairpin structure
consisting of two transmembrane α-helices separated by a small loop
of polar residues that extends into the matrix [8,9]. The mammalian
and yeast ATP synthases have ten copies of subunit 9 arranged in a
ring [5]. In other ATP synthases the ring can have as many as 15 copies
of subunit 9 [10,11]. The subunit 9 ring is engaged in two functionally
important interactions. One interaction, between the polar loop
region of subunit 9 and the γδɛ subunits of the stalk, acts to provide
a physical link between F1 and F0. The second interaction is between
the subunit 9 ring and subunit 6, a transmembrane protein present in
one copy. The stepwise rotation of the ring during each catalytic cycle
causes the stationary subunit 6 to disengage from its pre-existing
interaction and to form a new interface with the next subunit 9 of the
ring [12,13].
The stator is made up of OSCP, subunits 4, d, and h [3,14,15].
Subunit 4 (subunit b) has two transmembrane domains that make
contact with subunit 6 of F0 [16]. The stator deﬁned by these four
proteins probably makes contact with some other ATP synthase
components that are located in the membrane such as subunits 8, f,
and i [17]. The exact demarcation between F0 and the stator is
difﬁcult to ascertain in the absence of high resolution structural
information on the arrangement of these small hydrophobic
proteins. This may turn out to be a semantic issue when a more
complete structure is available. OSCP is tethered to the apical region
Fig. 1. The subunit organization of the mitochondrial ATP synthase. F1 is composed of
subunits α, β and the three central stalk subunits γ, δ and ɛ. The F0 sector contains the
subunit 9 oligomer, subunit 6, subunits 8, f and i/j. The peripheral stalk consists of
subunits 4, d, h and OSCP. The rotor ismade up of the central stalk and the subunit 9 ring.
Fig. 2. Polycistronic transcripts of mitochondrial ATP synthase genes in S. cerevisiae.
ATP6 and ATP8 are co-transcribed with COX1, encoding subunit 1 of cytochrome c
oxidase and, in some strains, ENS2 that codes for a DNA endonuclease. The 5.2 and
4.6 kb mRNAs result from cuts at L and S, respectively. ATP9 is co-transcribed with
tRNAser and VAR1, encoding a subunit protein of mitochondrial ribosomes. Transcription
initiation sites are designated by horizontal arrows. Cleavage sites of the polycistronic
transcripts that produce the mature messengers are shown by asterisks.
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subunits 4 and h. The external part of the stator that extends along
the periphery of the α3β3 hexamer to the surface of the membrane
includes subunits 4, d, and h [3,15]. An important glimpse into the
architecture of the stator has emerged from the X-ray crystal
structure of a long domain composed of the soluble regions of the
bovine subunits b, d, and F6 (4, d, and h in the yeast nomenclature,
respectively) [15]. This extended structure is composed of apposed
and overlapping α-helices contributed by each of these three
subunits. This assembly is thought to provide the rigidity needed
to prevent movement of α3β3 hexamer with respect to the γ
subunit as the latter progresses through the three catalytic sites of
F1 during catalysis of ATP synthesis [15].
The role of the stator is to join F1 to subunit 6. The combination of
the stator, subunit 6 and the α3β3 hexamer constitutes the
stationary part of the enzyme while the γδɛ stalk and the subunit
9 ring function as the motor fuelled by the translocation of protons
between subunits 6 and 9. The directionality of proton ﬂow and
rotation of the ring is determined by whether the ATP synthase is
engaged in ATP synthesis or hydrolysis. The rotary movement of the
stalk causes the γ subunit to successively interact with and to induce
conformational changes at the three catalytic sites located in the core
of the α3β3 hexamer. The conformational changes alter the afﬁnity
for substrate and product and are an intrinsic feature of the
mechanism by which ADP and inorganic phosphate are esteriﬁed
or hydrolyzed [1,18].
In addition to catalyzing ATP synthesis andmaintaining amembrane
potential through ATP-dependent translocation of protons from the
matrix, theATP synthase also contributes to the grossmorphology of the
mitochondrial inner membrane. The ATP synthase has been shown to
exist as a dimer [19], a feature that has beenproposed to be important in
determining the curvature of the inner membrane [20]. Mutational
analysis and cross-linking experiments have shown that dimerization of
the ATP synthase depends on subunits e, g [19,21]. Another small
protein, subunit k, is found only in the dimeric form of the ATP synthase
but is not required for dimerization [19].
Finally, three other proteins (If1p, Stf1p and Stf2p) have been
implicated in regulation of the ATP synthase by modulating its
hydrolytic activity [22–24].
2. Genetic origin of yeast mitochondrial ATP synthase
With a few exceptions such as green algae, in which the entire ATP
synthase is of nuclear origin [25], the ATP synthase of most Eukaryotesis derived from both mitochondrial and nuclear genes. Generally, the
subunits making up the stator and some of the F0 subunits are
products of nuclear genes. This is also true of the entire complement of
F1 subunits [26]. The α subunit of the plant F1, however, is encoded in
mitochondrial DNA [27,28]. The nuclear gene products are synthesized
on cytoplasmic ribosomes as precursors with targeting sequences that
direct their import and subsequent sorting into the appropriate
mitochondrial compartment [29].
Subunits 6, 8 and 9 of plant and yeast F0 are encoded by the
mitochondrial ATP6, ATP8 (AAP1) and ATP9 genes, respectively [30–
33]. The ATP9 gene in animals was transferred to the nucleus and
only the genes for subunits 6 and 8 have been retained in the
mitochondrial genome [34]. An interesting situation exists in
ﬁlamentous fungi such as Neurospora crassa and Aspergillus nidulans
that have both, a mitochondrial and nuclear copy of ATP9 [35–37].
The nuclear gene is constitutively expressed during vegetative
growth whereas the mitochondrial copy is expressed only in
germinating spores. These organisms probably represent an inter-
mediate evolutionary stage at which mitochondrial ATP9 has been
successfully transferred to the nucleus but for reasons that remains
unclear, a functional mitochondrial copy of the gene has been
retained [38].
In S. cerevisiae ATP9 is co-transcribed with tRNAser and VAR1 from
two closely spaced start sites, each corresponding to a conserved
nonanucleotide sequence. The more prevalent transcript is initiated
0.63 kb and the lesser 0.55 kb upstream of the ATP9 initiation codon.
This polycistronic transcript is processed in several steps by
endonucleolytic cleavages to produce the tRNAser and the ATP9 and
VAR1 mRNAs (Fig. 2). The major ATP9 messenger is a 0.9 kb RNA with
0.63 kb of 5′ untranslated sequence [39–41].
ATP6 and ATP8 are co-transcribed with COX1, encoding subunit 1
of cytochrome oxidase, from a site located 500 nucleotides upstream
of the COX1 initiation codon (Fig. 2) [42,43]. ENS2, a gene that codes
for a DNA endonuclease, is located downstream of ATP6 in some
strains of yeast, and when present, is co-transcribed along with COX1,
ATP6 and ATP8 [44]. The primary polycistronic transcript is cleaved at
two sites between COX1 and ATP8 resulting in the release of the
COX1 mRNA and bicistronic mRNAs with ATP8 and ATP6. One
cleavage is close to the 3′-end of the COX1 mRNA and yields the
longer 5.2 kb ATP8/ATP6mRNA. The shorter 4.6 kb mRNA is produced
by cleavage at a site some 600 nucleotides downstream from the 3′-
end of the COX1 mRNA [40,45,46]. Most strains of yeast have
approximately equal amounts of the two mRNAs. ENS2, when
present, is part of the ATP8/6 mRNA [47].
Mitochondria have 10 timesmore subunit 9 than subunits 6 or 8. In
vivo labeling of mitochondrial gene products in yeast, indicates a
substantially greater incorporation of the radioactive precursor into
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concentration of the ATP9 relative to the ATP8/6 mRNAs. As discussed
later in this article, translation of each gene depends on a separate
translational activator. This could also account for the 10 times higher
expression of subunit 9. At present, however, quantitative data on the
relative concentrations of the mRNAs and their rates of translation are
not available.
3. ATP synthase biogenesis is assisted by accessory proteins
Biogenesis of a functional ATP synthase is an elaborate process,
dependent on both subunit recognition/interaction events and the
assistance of chaperones that promote certain assembly steps. An
understanding of how this important mitochondrial enzyme is
assembled is emerging, largely as a result of studies of ATP synthase
deﬁcient mutants of yeast. Efforts along these lines in several
laboratories have revealed that lesions in the ATP synthase can stem
not only from mutations in the structural genes but in a substantial
number of nuclear genes that code for accessory factors with essential
functions at pre- and post-translational stages of the assembly
pathway (Fig. 3) [48–53].
ATP synthase mutants can display one of two different biochemical
phenotypes. The hallmark of mutants impaired in F1 assembly is the
absence of ATPase activity in their mitochondria. The second
phenotypic class is represented by mutants defective in F0 assembly,
which leads to a loss of inhibition of the ATPase by oligomycin [54].
This antibiotic blocks the proton channel of F0 and inhibits F1–F0, but
not F1 because the hydrolytic reaction is obligatorily coupled to proton
translocation though F0. Mutants with defective F0 contain a fully
assembled F1 oligomer, physically and enzymatically indistinguishable
from the wild type enzyme.
3.1. Chaperones of F1 assembly
Three genes in yeast are known to be involved in assembly of the
α3β3 hexamer of F1. ATP11 and ATP12 code for mitochondrial proteins
that interact with the β and α subunits, respectively, and promote
their assembly into the oligomeric F1 ATPase [48,55,56]. The absence
of either protein causes the α and β subunits to aggregate into
insoluble inclusion bodies in the mitochondrial matrix. Such aggre-
gates are also detected in α or β subunit mutants but not in γ, δ or ɛ
subunit mutants [57–59]. This suggests the existence of a “solubility
checkpoint” during assembly of the F1 ATPase, the critical step being
oligomerization of the α and β subunits, followed by additions of the
other three subunits.
Atp11p and Atp12p are conserved in eukaryotes but do not appear
to be present in bacteria. Recent X-ray crystallographic structures ofFig. 3. Assembly of subunit 6 with Atp9 ring is dependent on nuclear encoded accessory
proteins (see text for description).these chaperones will be helpful in elucidating the details of how they
function (S. Ackerman, private communication). Mutations in the
third gene, FMC1, also elicit aggregation of the α and β subunits but
only when cells are grown at 37° [49]. At 30°, fmc1 mutants assemble
F1 and grow normally on non-fermentable carbon sources. A second
interesting property of fmc1 mutants is their suppression by over-
expression of ATP12. Based on these observations Fmc1p was
proposed to be required for correct folding of Atp12p.
3.2. Factors required for expression of subunits 6, 8 and 9 of F0
Most of the known ATP synthase-speciﬁc accessory factors target
the endogenously encoded subunits of F0. At present 9 such factors are
known to affect the stability and/or translation of the mitochondrial
ATP6 and ATP9 mRNAs.
3.2.1. ATP6 factors
Mutations in NCA2 and NCA3 when present together express a
cold-sensitive growth defect on respiratory substrates that has been
ascribed to a deﬁciency of ATP synthase [60–62]. Both Nca2p and
Nca3p have been localized to mitochondria. The nca2, nca3 double
mutant overexpresses the primary transcript containing both COX1
and ATP8/6 but has less of the longer 5.2 kb mRNA [61,62]. The reason
for the deﬁcit of the 5.2 kb transcript is not clear but could be due to
inefﬁcient processing of the primary transcript. Since the mutant
exhibits reduced levels of subunits 6 and 8, the mutations could also
affect translation of the ATP8/6 mRNA. This would imply that
translation of the longer transcript is favored. The relative translation
rates of the two mRNAs, however, are not known.
The stability of the 4.6 and 5.2 kb mRNAs is also dependent on
AEP3, which codes for a peripherally associated inner membrane
protein [47]. RNA turnover is much more severe in aep3 than in
nca2, nca3 double mutants. The steady-state concentration of the
long ATP8/6 transcript in the aep3 mutant is reduced to about one
third of wild type while the short transcript is undetectable. The
presence of normal levels of COX1 mRNA in aep3 mutants excludes
a transcriptional defect. The mutants display some accumulation of
the primary COX1/ATP8/ATP6 precursor suggesting that there may be
a secondary effect of the mutation on processing as well. However,
because of the presence of normal amounts of COX1 mRNA, a
processing defect by itself cannot account for the phenotype of the
mutant [47].
NAM1 (MTF2) is the fourth factor reported to contribute to the
stability of the ATP8/6 mRNA [63,64]. This gene was identiﬁed as a
high-copy suppressor of mitochondrial splicing deﬁcient mutants
[63]. Subsequent studies indicated that nam1 mutants had lower
concentrations of COB, COX1 and ATP8/6 mRNAs [65]. A defect in
transcription of these regions of the genome was excluded based on
the presence of normal amounts of the stable lariat form of group II
introns emanating from COB and COX1. Furthermore, the effect of
the nam1 mutation was conﬁned primarily to the ATP8/6 mRNAs
when present in the background of an intronless mitochondrial
genome [65]. This suggests that Nam1p is likely to be an ATP8/6
stability factor, but because of the effect of the mutation on
cytochrome b mRNA in the intron-containing background, this
factor may also have a secondary function in RNA processing.
Nam1p has been localized to mitochondria where it is loosely
associated with matrix side of the inner membrane [66]. It is
interesting that mutations in the N-terminal region of the
mitochondrial RNA polymerase (Rpo4p), which speciﬁcally reduce
the concentrations of the COX1 and COB mRNAs, are suppressed by
overexpression of NAM1 [67]. Signiﬁcantly, two-hybrid assays
indicate that Nam1p interacts with the N-terminal domain of the
polymerase. These observations suggest that stability factors such as
Nam1p may interact with the cognate RNAs during transcription
and that their role may be to feed the nascent RNA to the
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property of an mRNA that is protected from degradation by virtue
of being engaged by the translational machinery.
Expression of a number of yeast mitochondrial mRNAs requires
transcript-speciﬁc translational activators some of which have been
shown to interact with the 5′-UTRs of the mRNAs [68]. This is also
true of the ATP8/6 mRNAs. Translation of subunit 6 but not subunit 8
is strictly dependent on the product of ATP22 [52,69]. This is
supported by the absence of subunit 6, but not subunits 8 and 9, in
atp22 mutants and suppression of an atp22 null mutant by a ρ−
genome in which the ATP6 coding sequence starting with the fourth
codon was fused to a sequence consisting of the 5′-UTR, the ﬁrst exon
and the entire ﬁrst intron of COX1 (Fig. 4) [69]. The ability of this
recombinant genome to suppress the atp22 null mutant depends on
its co-existence with normal mitochondrial DNA, which supplies all
the other genes necessary for respiration. The fusion gene expresses a
hybrid RNA, which after splicing removes the COX1 intron. This novel
mRNA is translated with the assistance of the COX1 translational
activators, Pet309p [70] and Mss51p [71]. The translation product is
then cleaved at the normal processing site of subunit 6 (still intact in
the hybrid protein) to produce mature subunit 6 and a polypeptide
consisting of the sequence encoded by the ﬁrst exon of COX1 plus the
6 residues of the subunit 6 N-terminal presequence (Fig. 4). The
ability of the fusion gene to suppress the atp22 mutant conﬁrms that
only translation of ATP6 in the bicistronic mRNA is activated by
Atp22p [69].Fig. 4.Mechanism of suppression of an atp22 null mutant by a ρ− genome in which the
ATP6 coding sequence was fused to the 5′-UTR, the ﬁrst exon and the entire ﬁrst intron
of the COX1 gene (see text for description).3.2.2. ATP9 factors
Several factors have been inferred to inﬂuence the stability and
translatability of the ATP9 mRNA. ATP25 codes for a protein that is
proteolytically cleaved approximately midway in the sequence [72].
Both halves of the proteins are detected in mitochondria and there is
compelling evidence that each half is involved in a different aspect of
subunit 9 biogenesis. Analyses of the atp25 mutants, including a
temperature-sensitive mutant, have provided unambiguous evidence
that the C-terminal half of the Atp25p (cAtp25p) functions as an RNA
stability factor [72]. When grown at the non-permissive temperature
the atp25 ts mutant is severely depleted in the 0.9 kb ATP9 mRNA,
although the tRNAser and of the 1.5 kb ATP9 precursor fromwhich the
tRNA has been excised are present in normal amounts. The mutant
synthesizes both subunits 8 and 6 but not subunit 9. Although this
phenotype indicates that cAtp25p is an ATP9 mRNA-speciﬁc stability
factor, it does not exclude the possibility that it may also be involved in
translation of subunit 9.
AEP2/ATP13 also codes for a mitochondrial protein that has been
implicated in expression of subunit 9 [41,73–75]. Mutations in this
gene cause severe deﬁcits of the ATP9 mRNA and of subunit 9. The
aep2 mutants have somewhat higher concentrations of the ATP9
precursor with the unprocessed tRNAser [73,74]. These observations
suggest that Aep2p may be involved in ATP9 mRNA processing/
stability [41,74]. Other evidence, however, is more consistent with a
role of the Aep2p in translation of the ATP9 mRNA. Some aep2
mutants have been reported to contain 20–30% of the mRNA even
though there is no detectable synthesis of subunit 9 [73]. Additionally,
revertants of an aep2 ts mutant were ascertained to have a T→C point
mutation in mitochondrial DNA 16 nucleotides upstream of the ATP9
initiation codon [51]. The proximity of the mutation to the start of the
gene suggested that Aep2p activates translation by interacting with
the mRNA and that the observed increase in turnover of the
messenger is a secondary effect due to a block in recognition of the
mRNA by the translational apparatus [51]. Obviously, a deﬁnitive
statement about the function of this protein will require more work.
The third mitochondrial protein implicated in subunit 9 expression
is encoded by AEP1/NCA1 [76,77]. There are two conﬂicting studies
dealing with the function of Aep1p. The earlier study suggested that
Aep1p is a subunit 9 speciﬁc translation factor as a ts aep1 allele was
found to contain normal levels of the ATP9 mRNA but to be lacking in
the translation product [76]. Another study, however, proposed Aep1p
to be an ATP9mRNA stability factor based on the results obtained with
a different ts mutant, in which there was a severe reduction of the
ATP9 mRNA at the restrictive temperature [77]. The explanation for
this discrepancy may lie in the different experimental conditions used
in the two studies. The selective effect of the aep1 ts allele on
translation but not the abundance of the ATP9 mRNA was observed
when the mutant was exposed to the restrictive temperature for 3 h
[76]. In contrast loss of the ATP9 mRNA was sustained when the ts
mutant was incubated under restrictive conditions for longer times
[77]. This would suggest that the translational defect of aep2mutants
has a secondary effect on mRNA stability.
3.3. Protein-dependent post-translational steps of ATPase assembly
3.3.1. Processing of the subunit 6 precursor
ATP23 codes for a mitochondrial metalloprotease that processes
the precursor form of subunit 6 [53,78]. The Atp23p protease is
associated with the inner membrane such that its C-terminal
domain is localized in the intermembrane space [53]. Null mutants
in this gene are deﬁcient in oligomcyin-sensitive ATPase and have a
subunit 6 with a retarded electrophoretic migration indicative of
impaired maturation of this F0 constituent. Processing of the
subunit 6 precursor is also arrested in atp23 mutants with a
Q→E mutation in a conserved HEXXH motif known from studies of
other metalloproteases to abolish their proteolytic activity [79,80].
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assemble a functional ATP synthase complex and grows as well as
wild type on non-fermentable substrates. These results indicate
that removal of the subunit 6 presequence is not essential for
biogenesis of the ATP synthase and that Atp23p, in addition to its
proteolytic activity, provides another function essential for F0
assembly.
While the phenotype of the Q→E atp23 mutant indicates that
maturation of the subunit 6 precursor does not interfere with its
assembly or activity, it does not answer the question of whether
the presequence of subunit 6 is necessary for assembly of F0. This
was resolved by analyzing the phenotype of mutants in which the
codons for amino acids 2–9 or 2–10 of the subunit 6 precursor
were deleted from the ATP6 gene [81]. Such leaderless atp6
mutants grow as well as wild type on respiratory substrates and
have mitochondria that synthesize ATP with the efﬁciency similar
to wild type. Despite the apparent lack of an effect of the
mutations on growth and mitochondrial metabolism, assembly of
the ATP synthase is some two times less efﬁcient in the mutants
[81]. The reduced amount of ATP synthase correlates with a less
efﬁcient interaction of subunit 6 with the subunit 9 ring of the F0
sector and accumulation of a subunit 6/8 complex, destined for
eventual proteolytic elimination. These results suggest that the
presequence either targets subunit 6 to the subunit 9 ring or signal
insertion of the subunit 6 precursor into a microcompartment of
the membrane for more efﬁcient interaction with the subunit 9
ring [81].
3.3.2. Formation of the subunit 9 ring
The subunit 9 ring has been assumed to form spontaneously
[82]. Recent studies, however, indicate that assembly of this
structural component is a protein-assisted process [72]. As indicated
above, following import into mitochondria, Atp25p is cleaved after
residue 292 producing two polypeptides of 32 kDa and 35 kDa, both
of which are required for F0 assembly [72]. Null mutations in ATP25
block translation of subunit 9 by causing an increased rate of ATP9
mRNA turnover. Mutants expressing only the 35 kDa C-terminal
polypeptide are able to translate subunit 9 but the newly translated
protein does not assemble into the ring [72]. These results suggest
that cAtp25p confers stability to the ATP9 mRNA while the function
of the 32 kDa N-terminal peptide is related to oligomerization of
Atp9p into a proper size ring structure [72].
In a recent study from Yoshida's lab, the uncI gene of Propioni-
genium modestum, the function of which has long remained
mysterious, was shown to be indispensable for assembly of the ring
in a heterologous bacterial system [83,84]. The product of bacterial
uncI is a small hydrophobic protein (130 residues in E. coli) for
which several homologues exist in S. cerevisiae. One of these reading
frames, YHL007c-a, has been localized to mitochondria. The other
gene, VMA21, has been implicated in assembly of the vacuolar H+-
ATPase [85]. YHL007c-a, because of its localization, seems the more
likely candidate to be the functional homologue of uncI. This, however,
needs to be veriﬁed experimentally.
3.3.3. Assembly of subunit 6 with the ring
Three proteins have been linked to the interaction of subunit 6
with the subunit 9 ring. Mutations in ATP10 arrest F0 assembly at a
post-translational stage without affecting oligomerization of the F1
subunits into an active ATPase [50,86]. The product of this gene is an
integral component of the inner membrane. Mutations in ATP6
leading to an Ala→Val substitution at the 11th residue from the C-
terminus of subunit 6 partially correct the assembly defect of atp10
null mutants [50]. This evidence pointing to a genetic interaction of
Atp10p and subunit 6 was conﬁrmed by cross-linking experiments
showing that Atp10p forms a physical complex with newly translated
but unassembled subunit 6 [86].Yeast allowed to incubate for a period of time in the presence of
chloramphenicol accumulate F1 and the other nuclear gene products
of the ATP synthase. Mitochondria isolated from such chlorampheni-
col treated cells are able to assemble a complex that consists
minimally of F1, subunit 6 and the subunit 9 ring but probably
contains subunits of the stator also [86]. A 48 kDa subunit 9 ring and a
54 kDa complex of subunit 6 and the ring are detected by SDS-PAGE as
radiolabeled products following in organello translation of the
mitochondrial gene products in the presence of 35S-methionine [86].
Because of their hydrophobicity the subunit 9 ring and the ring/
subunit 6 complex fail to be completely depolymerized by SDS. When
this assay was used to test for the presence of the 48 kDa and 54 kDa
complexes in an atp10mutant, only the smaller complex consisting of
subunit 9 was detected. This evidence indicates that Atp10p is
required for the interaction of the ring with subunit 6 but not for
ring formation.
Assembly of the ring/subunit 6 complex has also been shown to
depend on Atp23p [78] and Oxa1p [87]. Deletion of the ATP23
coding region prevents assembly of F0 even though mutations that
abolish the proteolytic activity of Atp23p do not. This was inferred
to indicate that in addition to processing the subunit 6 precursor,
Atp23p contributes in some other way towards assembly of the ATP
synthase [53, 78]. The non-proteolytic function of Atp23p has been
probed immunochemically by Western analysis of intermediates
formed in atp23 and atp10 null mutants. Mitochondria from both
mutants were found to accumulate two novel complexes that were
absent in the wild type strain. The larger and less abundant complex
was detected with a subunit 9 antibody and an antibody against the
α subunit of F1 while the smaller complex reacted only with the
subunit 9 antibody [78]. Neither complex contained subunit 6. This
evidence suggests that ATP synthase assembly in the atp10 and
atp23 mutants is arrested at the same or closely related stage. A
partial functional overlap of Atp10p and Atp23p is also indicated by
a less efﬁcient processing of the subunit 6 precursor in the atp10
mutant and a partial rescue of the atp10 mutant by ATP23 [53].
Oxa1p is a protein translocase involved in insertion of certain
mitochondrial and nuclear gene products into the inner membrane
[88,89]. For example, translocation of the hydrophilic N-terminal
domain of subunit 2 of cytochrome oxidase across the inner
membrane and insertion of the ﬁrst transmembrane domain both
require Oxa1p [90,91]. Stuart and coworkers have shown that oxa1
mutants contain oligomeric subunit 9 and form the ring/F1
intermediate but are unable to proceed to the downstream step at
which this intermediate interacts with subunit 6 [87]. In the same
study Oxa1p was found to associate with the newly formed subunit
9 ring prior to its integration into a fully assembled ATP synthase. A
tenable interpretation of these observations is that the post-
translational/insertional interaction of the ring/F1 intermediate
with Oxa1p makes the ring competent to further assemble with
subunit 6 in an Atp10p and Atp23p dependent manner. This idea is
supported by the ability of Oxa1p to form a stable complex with the
ring [87] and by a report showing that some oxa1 mutants defective
in cytochrome oxidase biogenesis are able to express signiﬁcant
amounts of the ATP synthase [92].
4. Experimental obstacles in the analysis of ATP synthase assembly
The order in which the subunits of F0 and the peripheral stalk
interact with one another, remains largely a question of guesswork.
The answers to this and related questions have been impeded by the
instability of the mitochondrial genome in assembly-arrested
mutants [93]. As a result a large percentage of ATP synthase deﬁcient
cells convert to secondary ρ− and ρ0 mutants that fail to express all
three of the mitochondrially encoded F0 subunits and are, therefore,
unsuitable for biochemical studies. This experimental difﬁculty is
minimized in mutants with a partial loss of function, sufﬁcient to
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overwhelming number of ρ− and ρ0 cells. Temperature conditional
ATP synthase mutants are an alternative as they too tend to sustain
less damage in their mitochondrial DNA than do null or stringent
point mutants. Another complication is the rapid turnover of some F0
and stator subunits, especially of subunit 6, in ATP synthase deﬁcient
mutants [16,94–100]. This too, makes it very difﬁcult to analyze
intermediates that would otherwise be expected to accumulate in
mutants arrested at a particular step of the assembly pathway.
Although the turnover problem has been more difﬁcult to overcome,
some partial answers can be obtained by examining the early steps of
the pathway following in organello translation of the endogenous
gene products [78,86,87].
5. Modular assembly of ATP synthase
As indicated earlier in this article, the ATP synthase consists of
three structurally and functionally distinct parts, F0, F1 and the stator.
There is evidence to suggest that the ATP synthase may be assembled
from these structural modules. It is clear that assembly of the F1
ATPase occurs independent of F0 and the stator [17,101,102].
Similarly, oligomerization of subunit 9 takes place evenwhen there
is no net assembly of the ATP synthase complex or of a functional F0
unit. The subunit 9 ring is readily detected in yeast atp10mutants and
some other mutants that are blocked in completing assembly of F0
[86]. The subunit 9 ring has also been shown to be present in human
ρo mutants, which express this protein from a nuclear gene [103]. Like
yeast, human ρo cells, however, are unable to assemble a functional F0
because they lack subunit 6 and 8 [34].
Oligomerization of subunit 9 into the ring is probably the
initiating event in F0 assembly. The order in which others F0 subunits
assemble is much less obvious. It is not entirely evident if assembly of
subunit 6 with the ring is an early or late event. It has been assumed
that the interaction of subunit 6 with the ring must be one of the last
steps during F0 assembly because of the deleterious effect of an
unproductive proton channel on mitochondrial membrane potential
[104,105]. However, a ring/subunit 6 complex would not necessarily
have to function as a proton conduit if the channel is blocked until
assembly of the ATP synthase is completed.
A late interaction of subunit 6 with the ring is supported by its
proteolysis in almost all mutants arrested in assembly of F0 or the
stator [16,95–100]. This has been interpreted to indicate that
integration of subunit 6 into the ATP synthase, concomitant with its
protection against proteolytic degradation, occurs after other
subunits of F0 and the stator have been assembled. This evidence
is also indirect and may simply indicate that unassembled subunit
6 is more prone to proteolysis than other proteins when it is not
part of the mature ATP synthase. Furthermore, subunit 6 is not
unique in this respect as the steady-state levels of other F0 subunits
are also markedly decreased in many F0 and stator mutants [17].
There is evidence that the mitochondrially encoded subunits of
yeast F0 can interact with one another to form different complexes
even when assembly of ATP synthase is arrested. An antibody against
subunit 6 coprecipitates subunit 9 and a small fraction of subunit 8
from mitochondria of wild type cells labeled in organello with 35S-
methionine when there is no assembly of the ATP synthase [81]. The
subunit 6/subunit 8 complexes consist of a heterogeneous mixture of
large aggregates. Less of the subunit 6/subunit 9 complex but
considerably more of the aggregated subunit 6/subunit 8 complex is
precipitated by the subunit 6 antibody frommitochondria of a mutant
with a N-terminal truncation of the subunit 6 leader peptide that
decreases the amount of ATP synthase to one half of the normal level
[81]. These results were interpreted to indicate that subunit 6 is able to
form a complex with subunit 9 even when assembly of F0 is not
completed. Because this step is less efﬁcient in the leaderless mutant,
more of the subunit 6 is available to interact with subunit 8.In other studies subunit 8 mutants were shown to contain subunit
9 but to be depleted of subunit 6. Mutants lacking subunit 6, on the
other hand, contained both subunits 9 and 8. These results suggested
that subunit 8 interacts with subunit 9 before subunit 6 [106]. It
should be borne in mind, however, that subunit 6 is especially prone
to proteolysis in ATP synthase mutants. The rapid turnover is seen
not only under steady-state conditions but also occurs in some
mutants when radiolabeled subunit 6 is translated during a short
pulse in cells poisoned with cycloheximide or in isolated mitochon-
dria (Zeng, unpublished). At present the jury is still out on the
question of the order in which subunits 6 and 8 as well as some of
the nuclearly encoded products of F0 such as subunits f and i(j),
interact with the subunit 9 ring. Nor is it excluded that some F0
subunits may pre-assemble with one another before they associate
with the ring. The already mentioned subunit 6/8 complex that
accumulates in the leaderless subunit 6 mutant could be a bona ﬁde
intermediate that undergoes a secondary aggregation and eventual
proteolysis as a result of its less efﬁcient assembly with the subunit 9
ring.
The stator of the yeast ATP synthase consists of 4 subunits three
of which (d, h, and OSCP) are hydrophilic proteins. Subunit 4,
however, has both a membrane anchoring domain and a hydro-
philic domain that makes contact with its partners to form a long
structure extending from the surface of the inner membrane to the
apical region of F1 [17]. The homologous stator subunits puriﬁed
from the bovine ATP synthase have been shown to interact with
each other in a stoichiometric fashion to form a partial stalk [14].
Because only the hydrophilic domain of subunit 4 was used in
these studies it was not possible to ascertain if the preformed F1-
stator complex could further assemble with the F0 subunits. The
reconstitution of a structure characteristic of the stator from the
constituent polypeptides suggests that part or the entire stator may
self-assemble in vivo. Assembly of the stator is most likely initiated
with transport and insertion of subunit 4 into the inner membrane.
The hydrophilic region of subunit 4, external to the membrane,
may be all that is necessary for the interaction of the other stator
components. This could take place in a progressive manner or some
preassembly of the hydrophilic stator subunits might occur in the
soluble matrix phase prior to their interaction with subunit 4. This
scenario is supported by experiments in which the stability of the
stator subunits was examined following depletion of one subunit
[94]. The assumption in this study was that unassembled subunits
would be more rapidly degraded than subunits that were part of an
assembled structure. The order of assembly deduced from this
approach was subunit 4, followed by OSCP and terminating with
subunit d. This experimental approach has the usual caveat that the
turnover rate of a particular subunit is a function not only of
whether or not it is assembled but is also inﬂuenced by how
resistant or susceptible it is to proteolysis.
Mutations in the stator subunits have no effect on assembly of
F1 but do affect its ability to interact with the subunit 9 ring. The
F1 oligomer of stator mutants is recovered in the soluble protein
fraction, even when mitochondria are disrupted by a brief sonic
treatment to release matrix proteins. This indicates either that the
ring/F1 complex is extremely labile or that the stator is crucial for
the initial interaction of F1 with the ring. The importance of the
stator for stability of the ring/F1 complex is also seen in the
requirement of OSCP not only for oligomycin-sensitivity but for
binding of F1 to F0 in OSCP-depleted inner membranes vesicles
[107]. Even though these observations imply that the F1 module
interacts with the ring after the stator has been incorporated into
F0, they do not exclude the possibility that some of the stator
subunits may be associated with F1 when it attaches to F0. For
example, the hydrophilic subunits of the stator may pre-assemble
with F1 before this complex interacts with the membrane
embedded part of the stator (subunit 4) and F0 (subunit 9 ring).
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hydrophilic subunits of the bovine ATP synthase has been reported
to form a 1:1 complex with F1 [14].
6. Concluding comments
From everything said here, it is apparent that our understanding
of how the ATP synthase is assembled is still fragmentary. The
biogenesis of the ATP synthase is not easily studied biochemically
because of the extensive turnover of key subunits of F0 and the
stator in assembly-arrested mutants. This circumstance hampers
reconstruction of the sequence of subunit interactions from an
analysis of the intermediates that might otherwise be detected in
different assembly-arrested mutants. Despite this drawback sub-
stantial progress has been made and some key events identiﬁed
from studies of ATP synthase mutants. In addition to revealing a
multiplicity of factors needed for expression of the mitochondrially
encoded subunits, such strains have also been useful in identifying
chaperones that play important but still not totally understood
roles in oligomerization of the α3β3 hexamer of F1 and the subunit
9 ring of F0. Future studies will need to address questions related
to 1) the interdependence or lack thereof of F0 and stator assembly,
2) the stage at which F1 interacts with the ring and the
dependence of this interaction on the presence of the stator, 3)
the sequence in which subunits of F0 interact with each other, and
4) the extent to which hydrophilic subunits of the stator pre-
assemble in the matrix before being incorporated into the stalk
through their interaction with the membrane anchored subunit 4.
While genetic approaches combined with biochemical analysis of
mutant phenotypes will facilitate arriving at an answer to some of
these questions, biochemical strategies, alternative to those used in
the past, will also need to be devised.
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